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The measurement of mechanical properties by nanoindentation methods is mostooften
conducted using indenters with the Berkovich geometry (a triangular pyramid) or with a sphere.
These indenters provide a wealth of information, but there are certain circumstances in which it
would be useful to make measurements with indenters of other geometries. We have recently
explored how the measurement of hardness and elastic modulus can be achieved using sharp
indenters other than the Berkovich. Systematic studies in several materials were concucted with a
Vickers indenter, a conica, inden:.. with a half-included :ip angle of 70.3°, and the standard
Berkovich indenter. All three indenters are geometrically similar and have nominally the same
area-to-depth relationship, but there are distinct differences in the behavior of each. Here, we
report on the application of these indenters in the measurement of hardness and elastic 'nodulus
by nanoindentation methods und some of the difficulties that occur. :
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INTRODUCTION

The measu:ement of mechanical properties such as hardness. H. and elastic modulus. E.
by nanoindentation methods has been conducted largely with indenters having the Berkovich or
spherical geometries {1-4). The Berkovich indenter. a three-sided pyramid with the same area-to-
depth ratio as the Vickers indenter commonly used in microindentation testing, is useful in
experiments where full plasticity 1s needed at very small penetration depths, such as the
measurement of hardness of very thin films and surface lavers [1.2]. The spherical indenter. on
the other hand, is useful when purely elastic contact or the transition from elastic to plastic
contact 1s of interest (3.4].

Of the many sharp indenters used for microhardness testing, the Berkovich has proven the
most useful in nanoindentation work. This 1s because the three sided pyramidal geometry of the
Berkovich naturally termirates at a point, thus facilitating the grinding of diamonds which
maintain their sharpness to very small scales. Berkovich tip defects, as characterized by the
effective tip radius, are frequently lc.. than 50 nm 1n many of the better diamonds. For the
Vickers indenter. on the other hand, it is more difficult to maintain geometric stmilanty at such
small scales because the square-based pyramdal geometry does not termunate at a point but ratner
at a “chisel” edge. The conical indenter is the most difficult to grind, and as a result, conical
diamonds often have severe tip rounding.

Nevertheless, there are certain circumstances in which it may be vseful to make
nanoindentation property measurements with a Vickers or a conical indenter. The Vickers, for
example, may be useful in measuring the properties of single crystals with 4-fold symmetry, or
to directly compare hardnesses obtained in nanoindentation experiments with conventional
Vickers microhardness results. In addition. the Vickers indenter is the primary indenter used in
measuring the fracture toughness of brittle materials by the indentation cracking method {5]. The
conical indenter has advantages when one wishes to avoid deformaticn phenomena caused by the
sharp edges of the Berkovich and Vickers indenters, ¢.g.. when cracking 1s to be avoided in
brittie matenals or when large strain gradients around the circumference of the contact complicate
the understanding of indentation phenomena. The conical indenter is also more amenable to
analvsis than the Berkovich or Vickers: virtually all modelling of indentation contact by sharp
indenters uses the conical geometry 6], and with very few exceptions {7]. most finite element
simulations of indentation by sharp indenters have used the conical geometry to take advantage of
the axial symmetry [8-10].
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For these reusons, an elementary study to examine the problems that are encountered in
using Vickers and conical indenters in nanoindentation testing was undertaken. The study
focused on three sharp diamonds: a Berkovich. a Vickers, and a conical diamond with a half-
included tip angle of 70.3". All three have the same norminal area-to-depth relationship, thus
removing this facter as a variable in the study and thereby simplifying the understanding of
results. Here we present a select set of results for four matenals chosen to represent the behavior
of metals and ceramics. A much larger number of materials were studied. but space
considerations pronibit us from including all of them. A more complete report is in preparation

[11].
EXPERIMENTAL PROCEDURE

The four materials examined in the study were fused quartz. a well-annealed aluminum
single crystal. a mechanically polished specimen of polycrvstalline gold (large grains), and a
single crystal of (001) sapphire. The first two materials are used as standards in nanoindentation
testing for the determination of indenter area functions, and the latter two are included to illustrate
specific points that help in understanding the indentation behavior of the three diamonds.
Indentations were made in cuch of the matenals at 4 variety of loads. and the indentation load-
displacement behavior was analyzed to determine H and E using a vanation on the method of
Oliver and Pharr [2].

The vanation was developed to account for recent observations that the machine compliance
1n a nanoindentation experiment may not be constant for a given machine. but rather may depend
on how the spectmen 15 mounted and the wav in which the mount is secured to the
nanoindentation system. As a result, a single. specimen-independent machine compliance cannot
be used in precision work. This is not an important consideration for materials and experimental
conditions for which the contact stiffness 1s small (i.e, contact suffnesses much less than the
machine stiffness), but can lead to significant errors in some experimental situations. The errors
become particularly important when making large indentations (1oads of 50 mN or more) in very
soft matenals like well-annealed aluminum. Since aluminum 1s a matenial we use as a standard in
making area function determinations, we have altered the procedure by which the area function is
measured to account for the influences of the mount on the machine compliance.

To briefly describe the procedure, a number of indentations are made to various peak loads
up to 300 mN, and the areas, A. of the larges: indentations are measured optically. The highest
load indentations are large enough that their areas can be measured with accuracies of about
*5%. Using Young's modulus E=70 GPa and Poisson's ratio v=0.34 (the values for
polycrystalline aluminum). the machine compliance. C,,,. is then found from :

AT v
CTeTTTE G

(1)

where Cy 1s the tetal compliance measured in the expeniment (see {2] for the origin of this
equation). Using this value for C, to evaluate the load-displacement data obtained at other loads.
an area function is then established by solving Egn.!1 for A. Unfortunately, aluminum is not a
good calibration mautenal for indentation depths smaller than 500 nim because of scatter in the
data. possibly caused by the oxide film. For this reason. the small-depth portion of the area
function 1s established in separate experiments conducted on fused quaniz, which can be
conveniently indented to depths ranging from § to 1500 nm. The machine compliance for the
fuse quanz expeniments i1s determined by a tnal and error procedure in which a value of Cyy, is
sought which. when applied to Eqn.1 and using E=72 GPa and v=0.17 (the values for fused
quartz). gives contact areas which match those of the aluminum data in the region of overlap (500
nm<h.<1500 nm). After combining the two data sets, curve fitting procedures are used to
produce an area function which applies over the range 20-7000 nm. This technique is used in
preference to the procedure outlined in [2] because the latter involves an extrapolation which can
lead to ervors in C,.
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Fig.1. A comparison of nanoindentation Fig.2. Expenmentally determined area
areas with SEM measurements for Al functions for each of the indenters.

RESULTS AND DILCUSSION

The arca function determination procedure just described was used in the current study to
establish the area function of each ot the three indenters. To check how well the procedure
works. Figure 1 presents results for indentations 1n aluminuin which compare the areas predicted
from analysis of the nanoindentation load-displacement data . A ;.. to areas measured by direct
¢xamination of scanning electron microscopy (SEM) images. Aggay. The mewsurements are
limited to the indentation depths greater than 500 nm due to difficulties in ottaining clear,
measurable images at smailer depths. Over the range cf depths examined. the SEM areas for the
Berkovich and Vickers indentations deviate from predictions of the area function by no more
than 5%. For the corical indenter. the deviation 1s shghtly larger, but only at small depths where
it is difficult to make good measurcments. Thus, the procedure for deriving the area furcticns
appears to work reasonably well for each three indenters, at least over the range of indentation
sizes which are convenient to check in the SEM.

The complete area functions are shown in Figure 2, whe-e they have been evaluated over
their range of applicability. i.e.. h, = 20 10 7000 nm. Also shown in the figure is he i1deal area

function. A=24.5h“. The ideal area function is that which all three diamoads would exhibit if

thev were ground to perfect geom: *tric form. The plot shows that while the grometry of the
Berxovich indenter 1s i closest agreement with idcai gcometry, the 70.3° cone shows sigaificant
deviations over most of the applicable contact range. The deviauons are consistent with the
notior: that the 70.3° cone is very blunt and possibly more sphe.e-(ike than sharp at the scales of
interest in this study. The Vickers indenter lies somewhere in between. As will be shown
shortly, deviations fivm perfect gecometry play an impenant role 1n understanding the results of
the nanoindentation hardness measurements.

Measuremesus of elastic modulus and hardness for sach of the four matenals by each of the
three diamond indenters are summarized in Figure 3. The elastrc moduli are shown 1n the plots in
the ieft-hand column. Not surpasingly. the moauli for alumenuin and fused quartz are very close
to the expected values, E = 70 GPa and 72 GPa. irrespecuve of mdenter geometry. This, of
course, must be the case. since these values were used as input in the procedure by which the
area functions were established. The true test comes from the other two matenals, gold and
sapphire. For the gold data. all three indenters give approximately the same value for E.
Furthe:more, the measured modulus 1s independent of indentation depth and has a value which
comvares quite favorably with the known polycrystalline geld value, E=80 GPa {12].
Companson of the sapphire data with actual values for E is a little more difficult hecause the
modulus of sapphire varizs dupending on crystallographic orizntation in the range 400-500 GPa
{2]. However, inspection of the data in Figure > shovis that ali three indenters give depth-
independent elastic moduli which fa'l generally in this range. Thus, based »n these limited
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observations, it appears that nanoindentation mcasurcment of elastic modulus using sharp
indenters other than the Berkovich is indeed possible. It should be noted, however, that accurate
measurements can be achieved only when the deviations from the idea!l indenter gcometry are
taken into account. Had the ideal area function been used. different results wouild have been
obtained.

The hardness data shown 1n the right hand column of Figure 3 show some peculiar and
interesting behaviors. For example. the aluminum data at the tep of the column shows a
significant indentation size effect (ISE) for the Berkovich and Vickers indenters, but not for the
conical indenter. Based on SEM measurement of the actual contact areas (Fig.1), it is clear that
the indentation size effect is real and not just an artifact of the data analysis procedures (at least
for contact depths greater than 500 nm). Collectively, these data suggest that the ISE in
aluminum may be caused by localized plastic deformation at the edges of the indenter. A model
based on this concept has been developed by Ma and Clarke {13]. The gotd hardness data exhibit
behavior similar to thut of the aluminum, with the exception that the hardnesses measured with
the conical indenter are not quite as flat.

The hardness behavior of the .used quartz specimen is quite different. For this matenial,
the Berkovich and Vickers indenters give very similar. depth-independent hardnesses, but there
is a large increase in hardness with increasing depth for the data obtained with the conical
indenter. Thus. it appc..... *hat there 1s a completely fifferent indentation size effect ir this
material, one which runs contrary to most ISE observations reported in the literature (the usual
observation is increasing hardness with decrcasing depth). and one which 1s unique to the conical
indenter. - However, shortly we will show that this behavior 1s not real. but results from a
transition from purely elastic to elasue/plastic deformation caused by the bluntness of the conical
indener.

The key 10 understanding ihe behavior of the fused quartz data was unve..cd while testing
the 1001) sapphire. Hardness data for this matenial are presented in Figure 4. where the
individual data points, rather then the averages plotted in previous graphs, are sho' n. A cunious
feature in the data is the division of the Vickers hardnesses at depths less than 100 nm into 2
distinct groups, one considerably higher than the other. Examnation of the individual load-
displacement curves revealed that the higher data ponts correspona to purely elastic indentation
contact. as evidenced by loading and unloading curves which perfectly retrace themselves. For
each of the lower data points, on the other * :nd, theie was a plastic pop-in event similar to that
reported by Page et al. [14]. Subsequent investigation of the data for the conical indenter revealed
the sarae behavior, with the transition tiom purely elastic to elastic/plastic deform ation occurring
at slightly larger contact depths. Purety <lastic indentation contact is promoted by tip blunting.
The transitio: is not observed in the Berkovich data, presumably because the Berkovich is
considerably sharper than the other two indenters.

The observation of purely elastic contact at small indentation depths for the Vickers and
ronicai indeniers has imporiant consequences for the interpretation of hardnesses measured ...
nanoindentation cxperiments. Specifically, he hardness. H=P/A. obtained by applving the
Oliver/Pharr analysis procedure to nanoindentation load-displacement data is not the traditional
hardiiess based on the residual area of the hardness impression. but a different hardness based on
the area of contact at peak load. In sort materials, these two hardnesses are essentially the same,
but for hard materials they can de different, particularly when deformation dunng indentation 1s
mostly elastic and recoverable. To amplify on this point. note that in the lim.t of purely ciastic
contact. the conventional hardness tises without bound, while that denived by the Oliver/FPharr
procedure has a tinite value. In fact, assumung that the blunting of indenters cun be charactenzed
by assigning a radius of curvature to the tip, one can compute from Hertzian contact theory what
the Ofiver/Pharr hardness should be for purely elustic contact. A sipie analysis vields:

HZi\_é—.E—{L
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where R is the etfective radius of curvature of the tip.
To show that this phenomenon is indeed the source of the decrease in hardness at low loads
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in sapphire, Hertzian analysis was used to extract an effective tip radius from the low-load,
reversibie ioad-displacement data obtained for both the conical and Vickers indenters. The tip
radii were found to te R=400 nm for the Vickers and R=2700 nm for the cone. Using these radii
in Egn. 2 along with scasonable estimates of the eiastic constants, predictions based on the
Oliver/Pharr definition ot hardness and Hertzian contact theory are included in Figure 4, where it
is seen that relatively good agreement 15 obtainca with the experimental data points correspondiny
* to purely elastic contact. Using R=2700 nm, the predictions of Eqn. 2 have :is6 been computed
for comparison to the ¢onical indentation of fused quartz and are included in hardness data of
Figure 3. Once again, there 1s relatively good agreement with (he low-load data.

CONCLUSIONS

I. Using careful techniques to establish the arez funcuon ot the indenter, 1t is possible to use
conical and Vickers indenters in the measurement of elastic modulus by nanoindentation
methods. even though these indenters suffer more from tip defects than the Berkovich indenter
used more commonly in nanoindentation testing.

2. The up defect confuscs the interpretation of hardnesses measured by nanoindentatior,
methods. since there 1s a change in the mode of deformation trom purely elastic at low loads to
elastic/plastic at high loads. This phenomena is more important in hard materials such as ceramics
and glasses than it 1s in sofi metals.
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observations, it appears that nanoindentation measurcment of elastic modulus using sharp
indenters other than the Berkovich is indeed possible. It should be noted, however, that accurate
measurements can be achieved only when the deviations from the ideal indenter geometry are
taken into account. Had the ideal area function been used, different results would have been
obtained.

The hardness data shown in the right hand column of Figure 3 show some peculiar and
interesting behaviors. For example, the aluminum data at the top of the column shows a
significant indentation size effect (ISE) for the Berkovich and Vickers indenters, but not for the
conical indenter. Based on SEM measurement of the actual contact areas (Fig.1), it is clear that
the indentation size effect is real and net just an artifact of the data analysis procedures (at least
for contact depths greater than 500 nm). Collectively, these data suggest that the ISE in
aluminum may be caused by localized plastic deformation at the edges of the indenter. A model
based on this concept has been developed by Ma and Clarke {13]. The gold hardness data exhibit
behavior similar to th.t of the aluminum, with the exception that the hardnesses measured with
the conical indenter are not quite as flat .

The hardness behavior of the .used quartz specimen is quite different. For this matenal,
the Berkovich and Vickers indenters give very similar, depth-independent hardnesses, but there
is a large increase in hardness with increasing depth for the data obtained with the conical
indenter. Thus. it appears that there is a completely different indentation size effect in this
material, one which runs contrary to most ISE observa:ions reported in the literature (the usual
observation is increasing hardness with decreasing depth). and one which 1s unique to the conical
indenter. However, shortly we will show that th's behavior 15 not real. but results from a
transition from purely elastic to elasuc/plastic deformation caused by the bluntness of the conical
indenter.

The key 1o understanding ihe behavior of the fused quartz data was unve.icd while testing
the 1001) sapphire. Hardness data for this material are presented in Figure 4. where the
individual data points. rather than the averages plotted in previous graphs, are sho' n. A cunous
feature in the data is the division of the Vickers haidnesses at depths less than 100 nm into 2
distinct groups, one considerably higher than the other. Examination of the individual load-
displacement curves revealed that the higher data ponts correspena to purely elastic indentation
contact. as evidenced by loading and unloading curves which perfectly retrace themselves. For
each of the lower data points. on the other ' :nd. theie was a plastic pop-in event similar to that
reported by Page et al. [14). Subsequent investigation of tie data for the conical indenter revealed
the sarne behavior, with the transition fiom purely elastic to elastic/plastic deform ation occurring
at slightly larger contact depths. Purely <lastic indentation contact is promoted by tip blunting.
The transition is not observed in the Berkovich data, presumably because the Berkovich is
considerably sharper than the other two indenters.

The observation of purely elastic contact at smail indentation depths for the Vickers and
ronicai indeniers has imp~~1nt consequences for the interpretation of hardnesses measured in
nanoindentation ¢xperiments. Specifically, the hardness. H=P/A. obtained by applving the
Oliver/Pharr analvsis procedure to nanoindentaiion load-displacement data is rot the traditional
hardness based ¢n the residual area of the hardness impression. but a different hardness based on
the area of contact at peak load. In sort materials, these two hardnesses are essentially the same,
but for hard materials they can be different, particularly when deformation dunng indentation is
mostly elastic and recoverable. To amplify on this point, note that in the lim.t of purely eiastic
contact. the conventional hardness rises without bound. while that derived by the Oliver/Fharr
procedure has a tinite value. In fact, assuming that the blunting of indenters cun be charactenzed
by assigning a radius of curvature to the tip, one can compute from Hertzian contact theory what
the Otiver/Pharr hardness should be for purely elustic contact. A simpie analysis vields:

{-il“j._.l’_.(t_
R
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where R is the effective radius of curvature of the tip.
To show that this phenomenon is indeed the source of the decrease in hardness at low loads




DISCLAIMER

This report was prepared as 2a account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal Liability or responsibility for the accuracy. completeness, or use-
fulness of any information, apparatus. product, or process disclosed, or represents
that 1ts use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product. process. or service by trade name, trademark, manufac-
turer. or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favonng by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily statc or
reflect those of the United States Government or any agency thereof.




